A crosstalk-free integral imaging display consisting of a display panel and double plano-convex micro-lens array is proposed. The double plano-convex micro-lens array includes two micro-lens arrays, A and B. Micro-lens array A is used to eliminate crosstalk by completely reflecting crosstalk lights. Micro-lens array B, located near micro-lens array A, is used to display three-dimensional images. Computer simulations based on ray-tracing are conducted. Crosstalk-free reconstruction images may be clearly observed from the simulation results.
Integral imaging (II) is a three-dimensional (3D) display technique first proposed by Lippman in 1908 [1] . This technology creates true 3D images in free space that can be seen without special glasses [2−4] . II has been studied by many researchers because of its many characteristics [5, 6] . It has continuous viewing points within the viewing angle and provides both vertical and horizontal parallax, unlike lenticular-based stereoscopy. As in holography, natural and realistic 3D images can be displayed in full color. However, low resolution [7, 8] , limited image depths [9, 10] , narrow viewing angles [11] , and crosstalk [12] limit the development of II. Among these issues, crosstalk is one of the primary disadvantages of II [13] . Generally, in II, each micro-lens has its own corresponding area, i.e., elemental image, on the display panel. Given that the location of each elemental image is restricted, the viewing zone of the viewer is narrow in space. When viewed outside of the viewing zone, a broken 3D image may be observed because the 3D information cannot be completely transmitted by the corresponding micro-lens. Meanwhile, a duplicate 3D image formed by the adjacent micro-lens is reconstructed outside of the viewing zone. Thus, a crosstalk image is observed. 3D images can be reconstructed without crosstalk only if the elemental images have no interference and the lights from each elemental image pass through the corresponding micro-lens in the reconstruction stage. Instead of a micro-lens array in the pickup stage, a sparse camera array can be used to produce a non-interference elemental image array [14] . A field lens and aperture in the pickup stage may be used to avoid interferences among elemental images [15] . In the reconstruction stage, an optical barrier array between the micro-lens and elemental image arrays may be used to prevent the crosstalk of light from adjacent elemental images and considerably eliminate crosstalk [16] . The use of graded-index micro-lens arrays in the reconstruction stage can eliminate crosstalk and avoid pseudoscopic 3D images [17] . A periodic black mask between the elemental image and the micro-lens array can also be used [18] . In this letter, a crosstalk-free II display based on a double plano-convex micro-lens array is proposed. The structure and principle of the proposed display are shown in Fig. 1 . The display consists of a display panel and a double plano-convex micro-lens array, which is composed of micro-lens arrays A and B. Micro-lens array A is used to prevent the crosstalk of lights from the non-corresponding micro-lens. For instance, light emanating from point Q in the second elemental image travels through the second micro-lens only and is completely reflected by micro-lenses 1, 3, and 4. Micro-lens array B, located at the right side of micro-lens array A, is used to display 3D images.
The object focal plane of the micro-lens is generally close to the display panel in II. In Fig. 1 , l F is the distance between the object focal plane and micro-lens array A, and g is the distance between the display panel and double micro-lens array. The value of g is determined by the parameters of micro-lens array A. When the parameters of micro-lens array B are adjusted, the object focal plane of the double micro-lens array becomes closer to the (4) 061101-1 c 2013 Chinese Optics Letters display panel. In other words, the values of l F and g are approximately equal in the proposed display. When l F is greater than g, the 3D image is reconstructed with the real model. According to lens law, the positions of the principal planes and focal length of the double micro-lens array may be derived from the parameters of the double microlens. Consequently, the value of l F can be derived [19] . To calculate the accurate value of l F , the thickness of the double micro-lens is considered. The derivation result of l F is shown as
where r 1 and n 1 are the front surface radius and refractive index of micro-lens array A, respectively; M is calculated using
where l 1 and l 2 are thicknesses of micro-lens arrays A and B, respectively, r 2 and n 2 are the back surface radius and refractive index of micro-lens array B, respectively, and d is the gap between micro-lens arrays A and B.
To eliminate crosstalk using plano-convex micro-lens array A, the optical characteristics of micro-lens array A must be analyzed. Figure 2 shows the imaging crosssection of a plano-convex micro-lens. The rectangular coordinate system O 1 -xy is used. The x-axis is the symmetry axis of the cross-section of the plano-convex microlens, and the y-axis coincides with the display panel. Point P is located at the display panel. The coordinates of P and Q 1 are (0, y 1 ) and (x 2 , y 2 ), respectively. O and R are the center and radius of the front surface, respectively. When |y 1 | is greater than D/2, the light ray PQ 1 is defined as a crosstalk light ray. Angles θ 1 and θ 2 are the incident and refraction angles of the ray PQ 1 in the front surface, respectively. Angles θ 3 and θ 4 are the incident and refraction angles of the ray Q 1 Q 2 in the back surface, respectively. Angle α, which is the angle between OQ 1 and the x-axis, is used to indicate the incident position Q 1 of the light ray PQ 1 in the front surface. The sign of α is determined by
According to Eq. (3), the coordinate of Q 1 can be expressed as Q 1 (R + g − R cos α, R sin α). When
In Eqs. (4)- (7), y 1 and α are derived from θ 1 , θ 2 , θ 3 , and θ 4 . The angles α, θ 1 , and θ 2 are signed variables, whereas the angles θ 3 and θ 4 are unsigned ones. According to geometrical relationship, α is limited in the range of [α min , α max ], which is calculated as
where D is the pitch of the micro-lens. According to Fresnel theory [19] , when the light ray originating from media a is incident on an interface between media a and media b,the transmittance of the light ray depends on the incident and refraction angles. The transmittance of the light ray can be expressed as
where angles θ a and θ b are the incident and refraction angles of the incident light ray, respectively; T s and T p are the transmittances of the s-and p-components, respectively, of the incident light ray. The transmittance of natural lights is the average value of T s and T p . According to Eqs. (12) and (13), when PQ 1 travels from the plano-convex micro-lens, the transmittance of the light ray P (0, y 1 )Q 1 (R + g − R cos α, R sin α) can be calculated using
Considering that the angles θ 1 and θ 2 are signed variables, |θ 1 | and |θ 2 | are used in Eq. (14) .
Given that the cross-section of the plano-convex microlens is symmetric about the x-axis, we only analyze the transmittance of PQ 1 when y 1 is greater than zero. In the proposed display, the crosstalk lights from the range of y 1 > D/2 should be eliminated, and the lights from the range of y 1 < D/2 should not be completely reflected. Therefore, P (0, D/2) should be designed as the critical position of the total reflection. For the light ray PQ 1 , which is emitted from P (0, D/2), the light ray Q 1 (R + g − R cos α, R sin α)Q 2 is completely reflected when satisfing
Assuming that α = α 0 is the unique solution of Eq. (15), Eq. (15) indicates that point P (0, D/2) is located at the critical position of the total reflection. On the condition of y 1 D/2, more and more light rays can be completely reflected with increasing y 1 , and the transmittance of crosstalk lights is significantly reduced. Although some of the crosstalk light rays cannot be completely reflected, the luminance of the crosstalk images is reduced and crosstalk-free 3D images are observed. Therefore, the crosstalk in the proposed display is eliminated.
To evaluate the performance of the proposed display, we simulate the reconstruction results of a cross-shaped original object. The height and width of the original object are 120 and 80 mm, respectively. ASAP software is used for the simulation. A double micro-lens array consisting of 50 by 50 micro-lenses is used. The parameters of the display are shown in Table 1 . Figure 3 shows T − α curves with different values of y 1 . Curves 1, 2, and 3 represent the transmittance distribution of y 1 = 1.49, 1.50, and 1.51 mm, respectively. The range of α for each curve is calculated with Eqs. (8) and (9) . In the range of α ∈ (α min , α max ), curve 2 has a unique crossover point with the x-axis. Therefore, Eq. (15) has a unique solution when the parameters in Table 1 (Fig. 3) . Therefore, the parameters in Table  1 satisfy the requirements for eliminating crosstalk.
The simulations, which include pickup and reconstruction stages, are performed on the basis of ray-tracing. Firstly, the original object is recorded through the double micro-lens array in the pickup stage, and an elemental image array is produced. Then, a cross-shaped reconstruction image is shown through the double micro-lens array in the reconstruction stage. The shape of the original object is shown in Fig. 4(a) . In the simulation, the cross-shaped original object is traced at three depth planes. Three 50×50 elemental image arrays are produced, as shown in Figs. 4(b)-(d) . The central depth plane (CDP) is located at a point 109 mm before the micro-lens array. The reconstruction results of the cross-shaped original object are shown in Fig. 5 . Figure 5(a) shows the reconstruction image at a point 50 mm before the CDP. Figure 5(b) shows the reconstruction image at the CDP. Figure 5 (c) shows the reconstruction image at a point 50 mm after the CDP. Crosstalk-free reconstruction images are clearly observed at different depth planes. The sizes of all reconstruction images are identical to that of the original object. Compared with the original object, the image quality of all reconstruction images is poorer. Figures 5(a)-(c) show details of the enlarged reconstruction images. Compared with Figs. 5(a) and (c), the reconstruction image in Fig. 5(b) is the clearest. In Figs. 5(a) and (c), the reconstruction images are formed far from the CDP, so the line width of the cross-shaped images is wider and the reconstructed images are more blurred. The reconstruction image in Fig. 5(c) shows numerous stray lights. In comparison, Fig. 6 shows three reconstruction images formed at different depth planes by a conventional II display. Crosstalk images are obviously observed in Figs. 6(a)-(c) . Similarly, the reconstruction images in Figs. 6(a) and (c) are blurred because they are formed far from the CDP. Therefore, the proposed display can provide crosstalk-free 3D images.
In conclusion, we present a proposed II display composed of a display panel and double plano-convex microlens array consisting of micro-lens arrays A and B. Microlens array A is used to eliminate crosstalk. Micro-lens array B, located near micro-lens array A, is used to display 3D images. Compared with conventional displays, the proposed display eliminates crosstalk without requiring additional devices. Simulation results show that the proposed display allows formation of crosstalk-free reconstruction images. The II display has a simple structure and many potential applications.
